Abstract-In this study, the swimming humanoid robot SWUMANOID for research of human swimming was developed. It was half the size of a real human and had the same body proportions and appearance; mass distribution was considered, as well. It was actuated by 20 motors, which were waterproofed and compactly designed. Swimming motions were determined based on human swimming movements. To realize the swimming arm stroke, a joint imitating the human's scapular retraction was installed and the methodology to realize the swimming motion with that joint was established. Finally, the efficiency of the design was validated by simulation and representatively, the crawl stroke was successfully realized in the water tank.
INTRODUCTION
Competitive swimming is one of the most popular sports. It has been played all over the world including in the Olympic Games. However, its mechanics have not been fully clarified yet since it is an extremely complicated phenomenon in which a complex human body moves unsteadily with many degrees-of-freedom in the three-dimensional water flow. To clarify the relationship between the swimming motion and the propulsive force, researchers have made various attempts to measure the fluid forces acting on a swimmer. The first approach was an experiment involving a human subject [1] [2] [3] . However, this method has problems with insufficient repeatability, physical fatigue of the subject, and difficulty in installing sensors in the subject. In a different way, some researchers used physical models instead of human subjects. In previous studies, Lauder and Dabnichki developed a full-scale mechanical arm to estimate propulsive forces. It had one degree of freedom (DOF) at the shoulder and was used to simulate a single plane underwater rotation at four elbow configurations [4] . Sidelnik and Young made a motor-driven arm model which could perform 2-DOF motion, and measured the fluid forces in the unsteady condition [5] . Nakashima and Takahashi conducted experiments using an underwater robot arm which had 5-DOF and could perform a swimming motion which was much more similar to that of a human than in previous studies [6, 7] . However, the effects of the trunk motion and interaction among four limbs were still ignored since the robot arm could represent only a single limb. In order to investigate such effects, a fullbody swimming humanoid robot will be necessary.
In addition to this significance, the swimming humanoid robot has many possibilities in other applications such as education, entertainment, exploration, sea rescue and so on. In spite of its usefulness, only a few researchers studied the humanoid robot for underwater use. Oya and Suzuki proposed a small diver type humanoid robot to estimate water depth by the robot's behavior [8] . Li et al. developed a swimming robot using the flutter kick for underwater use [9] . Nakashima and Kobayashi developed smallsized swimming humanoids [10] . All of them were remodeled from a land-based robot for underwater use and had waterproof clothes similar to diving suits. Such thick clothes restricted the movement of the robot, making it difficult to perform the right movement. The former two robots moved in the water by the flutter kick only. The latter one swam with arms, although there were problems, such as that the waterproofing and the motion was unnatural due to the limitation of the degrees of freedom and the range of the joint angles.
The objective of this study was to develop a full-body swimming humanoid robot for research of human swimming. The developed robot was named SWUMANOID (SWimming hUMANOID). It has a detailed human's body shape and 21-DOF for the joints in order to reproduce the complicated swimming motions with high fidelity. It also has a potential to be an exemplar of the swimming humanoid robots for the practical applications since it does not have any waterproof clothes and has sufficient DOF as well as the range of motion. The paper is organized as follows: Section 2 describes the basic design of the robot, Section 3 describes the methodology to realize swimming motions, Section 4 describes the experiment of the crawl stroke motion, and Section 5 presents the conclusion and future work.
II. BASIC DESIGN OF THE ROBOT
A. Design concepts The design concepts of SWUMANOID are as follows: a) Waterproof design b) Imitation of human body geometry : Appearance, body proportions, center of mass and specific gravity c) Realization of swimming motions d) Half the size of a real human Since SWUMANOID is the swimming test model substituting a human subject, the design concepts a)-c) are obvious. The robot size was determined to be half the size of a real human in order to make development easier and to be more convenient when it is operated in experiments. Figure 1 shows SWUMANOID which was developed based on the design concepts a) to d), as well as the scanned body data of an elite swimmer. As shown in Table I , SWUMANOID is 890 [mm] in height and 5.5 [kg] in weight including the battery. The height was determined by the design concept d) and the weight was determined by the design concept b), which considered human's specific gravity. To realize the design concept c), SWUMANOID has a total of 21-DOF but the leg doesn't have sufficient degrees of freedom to perform the breaststroke kick, so in this study, realization of the breaststroke was excluded. Figure 2 shows the positions of the actuators and joints. All actuators were connected to the joints directly except for the head and ankle joints. The head joint was a free joint in order to keep the head down during swimming motions. The ankle joint was actuated using a four-bar linkage because there was no space for the installation of an actuator in the ankle.
B. Configuration of degrees of freedom
Each arm had 6-DOF. The elbow had 2-DOF and the shoulder had 4-DOF. Three of the shoulder joints were for the roll-pitch-yaw motion and one was for the scapular retraction (scapular joint in Figure 2 ). The reason for installation of the scapular joint is described in section 3.2.
Each leg had 3-DOF for extension and flexion of the hip, knee and ankle joints. To produce more realistic motions, the ankle joint tilted about 20 degrees as shown in Figure 2 .
C. Actuators and control system
The robot was driven by 20 servo actuators called 'DYNAMIXEL' (RX-24F, Robotis Co.). They were linked by a daisy chain, so wiring was simple and we saved many steps in waterproofing the wires compared to normal RC servo motors. However, the motor was too large to be installed inside of the robot cases as shown in Figure 3 (a). Therefore, we newly designed a motor case and gear housing to be compact and waterproof. Figure 3 (b) shows the modified motor. The one-sided output axis was centered, and unnecessary cases were removed. The modified motors were successfully installed in narrow parts, such as the longitudinal axis of the forearm as shown in Figure3 (c).
The installed motors were controlled by a robot controller (CM-700, Robotis Co.) and it was possible to monitor conditions of the motor such as angles, temperature, voltage, torque, and so on through a personal computer.
D. Waterproofing
Waterproofing was one of the most important and essential parts to developing an underwater robot. In the previous research of an underwater humanoid robot, most robots wore waterproofing clothes and were sealed by silicone for the waterproofing [8] [9] [10] . It was an easy and simple method to waterproof a robot body, but this method was different from our research objective. First, it is difficult to keep a uniform body shape and it would exert a bad effect on the measurement of fluid force. Second, it makes it difficult to measure body volume and density. In this study, keeping a constant specific gravity was important not only for measurement of fluid force but also for a free swimming test in the future. In order to maintain a uniform body shape and similar specific gravity with that of a human, we utilized three types of waterproof methods as follows: First, we modified motor cases for the waterproofing. The rotational axis of the motor was sealed by a quad-ring and o-ring as shown in Figure 4 (a) and the control board of the motor was sealed by silicon as shown in Figure 4 (b), in case of leakage from the outer case. Second, the motors and electric wires were fixed and sealed by silicone and an epoxy bond because there were not enough space to install the o-ring and screws. Finally, the body cases produced by the rapid prototyping machine were coated with a waterproofing chemical.
E. Imitation of human body geometry
Appearance, body proportions, center of mass, and specific gravity were considered to imitate a human subject. To mimic the real human body, the outer cases of the humanoid robot were made based on the scanned body data of a world-class elite male swimmer. Each case had a half length of real body parts and is hollow inside with 2~3 mm thickness to contain robot parts. After assembling, cases are sealed for waterproofing. They were built by a rapid prototyping machine with ABS material. The scanned body data of a swimmer and a photograph of the developed humanoid robot are shown in Figure 1 .
Every driving part of the robot was installed inside to keep the scanned body shape. Actuators were redesigned compactly to be installed inside. The controller and battery were also inside of the robot, so that the humanoid robot obtained a similar appearance to a human and could swim without any connection from the ground.
The weight and volume of the robot's separate parts are listed in Table II . The total weight of the robot is approximately 5.5 kg and the specific gravity is about 0.82. In the experiment, the initial conditions, the center of gravity and the total weight of the robot was adjusted by adding more weights inside the robot. The robot could maintain proper buoyancy and balance without any other buoyancy equipments in the water, suggesting 
III. METHODOLOGY TO REALIZE SWIMMING MOTIONS
A. Overview of Swimming motion generation The method of swimming motion generation is schematically shown in Figure 5 . First, we analyzed movies of model swimming by a human subject and determined joint angles of a simulation model using a swimming human simulator, SWUM [11] . Using SWUM, we could check the fluid forces acting on the robot as well as the joint torques when the robot performed swimming motions. In SWUM, the model of the swimmer's body was divided into 21 cylindrical segments, and one stroke cycle was divided into 18 motion frames. We calculated the desired positions and orientations of the robot arm, solving forward kinematics at each motion frame. Also, the joint angles of the robot arm were determined by applying the coordinate transformation and solving the inverse kinematics. On the other hand, leg motions were simply realized because the flutter kick and butterfly kick were expressed by two dimensional motions. The determined joint angles were simulated with a robot model and finally performed by the developed humanoid robot.
B. Usage of scapular joint
Arm motions during swimming are composed of the underwater stroke and recovery stroke. Swimmers perform these two strokes continuously. However, such a continuous stroke motion cannot be realized with a general robot arm which is constructed of a threerotation sequence of pitch, yaw and roll. This problem is schematically explained in Figure 6 (a). Stroke motion is mainly generated by the pitch joint (Shoulder Joint 1 in Figure 2 ). The angle of Shoulder Joint 1 is increased from 0 to 180 degrees for the underwater stroke as shown in the left of Figure 6 (a). Then, it has to return to 0 degrees during the recovery stroke as shown in the right of Figure 6 (a) in order to perform the next underwater stroke continuously. Therefore, the recovery stroke cannot become the over arm motion, as shown in the left of Figure 6 (b) . In order to avoid this problem, the scapular joint was installed on the robot's arm based on the idea that the human scapular retraction motion makes it easy to perform an over arm motion. With the scapular joint, the recovery stroke can become the natural over arm motion as shown in the right of Figure 6 (b) . In order to use the scapular joint systematically, we limited the range of the retraction motion to the over arm motions, such as the recovery motion in the crawl stroke. It was reasonable considering the motion of humans. Afterwards, we recalculate the position and orientation of the elbow coordinate considering the moved position of the shoulder joint by the scapular joint. From the recalculated goal position of the elbow, we could calculate the rest motor angles through the inverse kinematics. The details are described in the following sections.
C. Inverse Kinematics Accompanying Scapular Joint
The joint motion in the present study was determined based on standard six-beat crawl stroke of SWUM. Figure 7 shows the reference and link coordinate systems of the 6-DOF robot arm using the DenavitHartenberg convention. The values of the kinematic T is the position vector of the origin of this frame with respect to the origin of the base frame (x b y b z b ) (Figure 7) .
The angle of the scapular joint in the over arm motion was determined as the upper arm angle with respect to the horizontal line θ 0 , which is shown in Figure 8 T is the unit vector of z 3 in Figure  9 and it represents the upper arm's direction. Therefore, the angle of the upper arm with respect to the horizontal line or with respect to axis y sb in Figure 9 is obtained by followed equation: Fig. 7 Coordinate system of the 6-DOF robot arm Table 3 Denavit-Hartenberge parameters of the arm Also, around the beginning and end of the overarm motion, we set the angle of scapular joint θ 0 so that it varied gradually. As shown in Figure 9 , the base frame of the simulation model {sb} and the base frame of the robot model {b} are different. The frame {sb} is located at the end of the shoulder and the frame {b} is located in the scapular joint because there is no scapular joint in the simulation model. Therefore, the original desired frame of the wrist, which was calculated from the simulation model, was derived from frame {sb}.
For the robot, the origin of the base frame of the simulation model is the same as initial position of robot frame {2} in Figure 9 , but the frame {2} moves depending on movement of θ 0 at each motion frame. The difference between frame {sb} and frame {2} is given by equation (4) 
We could not calculate the joint angles of the robot arm because the origin of frame {2} was not consistent with the origin of frame {sb} but if we moved the origin of frame {sb} to the origin of frame {2}, we could calculate the joint angles using the motion data of the simulation. Considering the difference, the desired position and orientation were modified as follows in equation (5) As a result, the shoulder's position would have a small error because of the difference of the base frames. However, we could calculate the joint angles of the robot from the motion data of simulation, as described in the following section.
To determine the arm joint angles for a given position and orientation of the wrist, we solved the inverse kinematics problems. The relationship between the elbow and the reference base frame is given by equation (5) . The solution starts with the matrix equation (6):
The equations L1(1,3)=R1(1,3) and L1(3,3)=R1(3,3) of the elements of the matrices L1 and R1 can be used to solve for θ 1 If multiple values were obtained as solutions, we determined the value considering the range of motion and natural pose of a real human.
The joint angles of the shoulder were simulated in the crawl stroke, backstroke and butterfly stroke. In order to validate and confirm the efficiency of the scapular joint for the retraction motion (θ 0 ), we simulated two conditions. First, we did not use the scapular joint and performed stroke motions with a 5-DOF robot arm, according to the results of the conventional inverse kinematics. Next, we used the scapular joint as explained above, corresponding to Figure 6 (b). Figure  10 shows the joint angles of the shoulder. The graphs in Figure 10 (a)-(c) are without the scapular joint, while those in Figure 10 (d)-(f) are with the scapular joint. As shown in Figure 10 (a)-(c), when there is no scapular joint, the Shoulder Joints 1 and 2 switch their positions (time frame 0 to 1 and 6 to 7 in crawl, 17 to 0 and 9 to 10 in back, and 9 to 10 and 17 to 0 in butterfly). On the other hand, as shown in Figure 10 (d)-(f) , when the scapular joint moves, the motion of Shoulder Joint 1 was continuous and the range of motion of the Joint 2 became significantly smaller. Therefore, we realized swimming stroke motion sufficiently similar to the human's one using the scapular joint. Due to the simple structure of the robot shoulder, kinematics of the robot arm was analyzed clearly and the methodology to use the joint was established.
IV. EXPERIMENT
A. Experimental Conditions We realized the crawl stroke motions in the water representatively among the four styles of swimming because the arm stroke motion of the crawl is the most complicated and fundamental. The swimming humanoid robot was connected to the four rods as shown in Figure  11 , and the rolling motion was generated by the driving mechanism [13] . We realized the crawl stroke motion on the water at 8.9 sec per cycle. The speed was quite slow and it was about 25% of our target speed because the objective of this experiment was to check that the robot could realize the stroke motion clearly. Figure 12 shows the desired and generated position trajectories in the Cartesian space during the execution of the crawl stroke motion. The commanded joint angles were derived from the crawl stroke data of simulation through the proposed kinematics method. The robot was controlled in open loop because it was enough to produce correct stroke motion as shown in Fig. 12 . Figure 13 shows a series of images during the crawl stroke. The swimming humanoid robot performed the crawl stroke naturally. The video of the experiment is shown in Movie S1.
B. Results and Discussion
The results show the potential of the experimental system for measurement of fluid force during swimming using a swimming humanoid robot. Also, we confirmed that the robot could generate swimming motions using the proposed methodology. It means we can link the developed simulation model, 'SWUM' and the robot model, 'SWUMANOID'. We could simulate various underwater motions and realize with the robot as well using the proposed kinematic methodology. It could make it easier to develop underwater locomotion of the robot and could be a base of research of humanoid robot for underwater use. Note that some awkwardness of the motion can be seen in Movie S1. The reasons for this may be that the commanded joint angles were somewhat different from the original human's joint angles due to the measurement error, and that the 18 frames for one stroke cycle were not sufficient to represent the human's motion.
V. CONCLUSION AND FUTURE WORK
In this study, the swimming humanoid robot, named SWUMANOID, was developed. The appearance and body properties were considered for the research of human swimming. Also, a compact waterproofing motor was developed and installed in the humanoid robot. To realize the human swimming motion, we added a scapular joint for the retraction motion and also developed an inverse kinematics model to determine the angle of the retraction joint; this model can be used to determine the angle of other joints. The efficiency of the scapular joint was validated by simulation of the crawl, back and butterfly strokes, and by experimentation of the crawl stroke. Measurement of the propulsive force in various swimming motions, validation of the simulation, and a free swimming test will be our future research goal.
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